Introduction
Much of the observed variability of stratospheric ozone and temperature on monthly to interannual timescales is attributable to trendlike changes, or to forced variations with specified timescales. Trendlike decreases in total ozone have been reported by Stolarski et al: [1991, 1992] , while negative temperature trends in the lower stratosphere have been shown in the results of Angel [1988] , Karoly [1989] , and Miller et al. [1992] . Signals of forced variations in ozone data have been reported for the solar cycle [Angel, 1989; Hood and McCormack, 1992 ], quasi-biennial There are two mechanisms whereby total ozone and lower stratospheric temperatures are positively correlated. One is due to dynamically induced variations: the background gradients of ozone and (potential) temperature are such that both vertical and meridional parcel motions result in positively correlated ozone and lower stratospheric temperature anomalies [Newman and Randel, 1988; Tung and Yang, 1988; Wirth, 1993] . Secondly, radiative effects lead to positively correlated anomalies: reduced ozone density in the lower stratosphere (and hence column ozone) results in less radiative heating and hence decreased equilibrium temperatures [e.g., Shine, 1986; Kiehl et al., 1988; Miller et al., 1992] . The radiative effects should become important for timescales longer than the radiative relaxation time in the lower stratosphere, of the order of 50-100 days. Thus for the long timescale variations considered here, both mechanisms are potentially important. In section 5 we quantify these different mechanisms according to the expected ratios of ozone change to temperature change (derived from the above studies). These theoretical results are in reasonable agreement with the ratios calculated from the data here and allow us to demonstrate that either radiative (trend, solar, and QBO signals) or dynamical (ENSO and residuals) processes are responsible for the high ozonetemperature correlations observed here.
Data and Analyses
The total ozone data analyzed here are from the TOMS instrument on the Nimbus 7 spacecraft, covering the 14 years 1979-1992. We use the most recently reprocessed TOMS data (version 6), which have been adjusted to remove the long-term drifts attributable to the TOMS instrument. Monthly average ozone fields were sampled on a regular 5 ø latitude by 10 ø longitude grid. The mean seasonal cycle was calculated by averaging each month over the 10 years of data 1982-1991, and this seasonal cycle was subtracted from each monthly average to produce 168 (14 years x 12 months) monthly mean anomalies. These time series were then smoothed with a 1-2-1 filter in time to remove the highestfrequency variations. TOMS data are not available in polar night regions, and these are hence excluded in our analyses.
The temperature data used here are from channel 4 of the MSU instrument, which has been incorporated on a series of NOAA •  I,,,I,,,I,,,I,,,I,,,I,,,I,,,I,,,I,,,I,,,I,,,I,,,I The middle panel in Figure 6 shows the anomalies at 60øS during July-August, where the ozone shows a downward trend but the temperatures do not. Note that aside from the different trends at this location the yearly anomalies still show some correlation between ozone and temperature. The similarly positioned maxima (of opposite sign) seen in the derived ozone trend and solar signals suggest that there may be some coupling between these terms in the analyses here. An independent analysis not tied to either linear trend or solar signal was made by using an empirical orthogonal function (EOF) analysis of the latitude-month variation of the interannual ozone anomalies. In this analysis the ozone anomalies were area (cos (latitude)) weighted, and only data over 1979-1991 were included. Trenberth, 1990]. The strong negative trends over Siberia in Figure 9 occur in a region where the climatological stationary wave structure is a maximum (in both ozone and temperature), so that these trends represent a weakening of the climatological wavy structure. There is less zonal structure to the trends in the midlatitude band 30ø-50'N, but the longitudinally localized maxima that are evident are mirrored in both ozone and temperature (for example, the negative maximum over the eastern United States).
QBO Signal
Interannual variability of total ozone in the tropics is observed to be dominated by the QBO [Hasebe, 1980; Shiotani, 1992] . This is clearly shown in Figure 10 , where the monthly mean data are shown together with the deseasonalized anomalies; the latter clearly track the 30-mbar zonal winds (Figure 2 ). ,i,,,i,,,i,,,i,,,i,,,i,,, 
Residuals
This section considers the degree of correlation between monthly mean ozone and temperature residuals over the globe. Residuals are defined to be the deseasonalized anomalies analyzed above, minus the calculated trend, solar, QBO, and ENSO signals discussed in section 3 (e.g., the differences between the lower curves in Figures 3-4) . 
Summary and Discussion
The results of this study can be simply categorized in two parts: (1) the coherent ozone-temperature signals derived for the trend, solar signal, QBO, and ENSO variations, resulting from the linear regression analyses, and (2) Figures 10 and 14) , although they are significantly more localized in space than the QBO signals.
The residual ozone and temperature fluctuations analyzed here show overall strong coherence in middle and high latitudes but low correlations in the tropics, both for zonal mean and zonal wave components. Examination of the zonal mean residuals (Figure 15 ) allows identification of time periods which contribute to the low zonal mean correlations in the tropics, namely (1) slightly different ozone-temperature phasing during westerly acceleration phases of the QBO and (2) the warm temperature-low ozone signatures attributable to E1 Chichon and Pinatubo. The high correlation in extratropics for these month-to-month variations is likely due to dynamical coupling (see below).
As discussed in section 1, strong correlations between total ozone and lower stratospheric temperatures are expected due to both dynamical and radiative processes, with the latter becoming important for timescales long compared to the radiative relaxation time in the lower stratosphere (> 50-100 days). These two processes may be distinguished by their respective ratios of (ozone Figure 21 shows the range of (ozone/temperature) ratios observed for the various signals discussed in this paper. These ratios are calculated from the regression-derived latitude-time diagrams simply as the ratio of ozone to temperature signals over regions where both signals are statistically significant; for example, the NH winter midlatitude trends in Figure 5 give a ratio of (-2 Figure 21 furthermore shows a distinct separation between these ratios and those calculated for both the zonal mean and the wave residuals, which are in the range 6-9 DU/K. These smaller ratios are in excellent agreement with the dynamically based values quoted above. These data thus support the conclusion that the month-tomonth residuals are coherent due to dynamical relationships, while radiative coupling is important for the longer timescales. One surprising result is that the ENSO-related ratios fall clearly within the dynamical regime (7-9 DU/K), although ENSO variations have timescales of the order of a year (Figure 2) . The observed dynamical ratio might possibly be due to the strong seasonality observed in the ENSO signal, such that the appropriate timescales are seasonal rather than annual. We note also that the QBO ozonetemperature ratio over the SH pole in October-December falls in the dynamical regime (9 DU/K), and this may also possibly be related to strong seasonal coupling (although this argument does not apply to the subtropical QBO maxima, which are also seasonally synchronized).
Overall, there is reasonable agreement between the ratios derived empirically from the data here and those calculated theoretically. This gives us confidence in separating the results according to radiatively balanced longer timescale variations (trend, solar, and QBO) versus dynamically driven shorter ones (month-to-month residuals in particular). These results suggest that ozone radiative feedbacks are important for quantitative understanding of low-frequency variability in the stratosphere.
